Current methods of estimating absorbed dosage ( AD ) of chemicals were evaluated to determine residue transfer from a carpet treated with chlorpyrifos (CP) to humans who performed a structured exercise routine. To determine the dislodgeability of residue, a California Department of Food and Agriculture ( CDFA ) roller was applied to a flat cotton cloth upon a treated carpet. Levels ranged from 0.06 to 0.99 g CP/cm 2 . Cotton whole body dosimeters ( WBD ) were also used to assess residue transfer. The dosimeters retained 1.5 to 38 mg CP / person. Urine biomonitoring ( 3 days ) for 3,5,6 -trichloro -2 -pyridinol ( TCP ) of persons who wore only swimsuits revealed a mean AD of 176 g CP equivalents / person. The results show that the AD depends on the extent of contact transfer and dermal absorption of the residue. Default exposure assessments based upon environmental levels of chemicals and hypothetical transport pathways predict excessive exposure. The cotton WBD retains chemical residues and may be effectively used to predict dermal dose under experimental conditions.
Introduction
Exposure assessment has been identified as one of the four areas of risk assessment ( National Academy of Sciences, National Research Council, 1983 ) . The primary purpose of exposure assessment is to qualitatively and /or quantitatively determine exposure and dose to specific chemicals. Contemporary exposure assessors and regulators place a high premium on accurate data obtained by monitoring chemical exposure scenarios and critical work tasks. Many different methods have been used to assess dermal exposure to chemicals, but rarely have these included the use of biological markers of exposure (biomonitoring) to determine actual absorbed dosage (AD ). As a result, default assumptions are used that often inflate exposure estimates of AD ( e.g., Berteau et al., 1989 ) and may mislead risk managers who must assess chemical exposures and develop mitigation strategies. Default estimates may also be the basis of incompletely researched media coverage and casual technical evaluation that prompts unwarranted public alarm and misunderstanding of science and the regulatory process.
Early work by Durham and Wolfe ( 1962 ) used cotton gauze dosimeters strategically placed on clothing to intercept pesticide residues to estimate the dermal exposures of agricultural pesticide workers. Potential dermal exposure (PDE ) was estimated by first measuring the residue on each patch within a sector of the body surface. Residue was assumed to be distributed uniformly within the sector, and the total residues for the sectors were summed to yield PDE.
Uncertainty about the magnitude of these estimates of PDE results from uneven distribution of residues ( Fenske, 1990 ) , placement of patches on high exposure regions of the body, and small sample area relative to the body's surface area of 19,000 cm 2 (U.S. EPA, 1989 ) . A 1982 guidance document of the World Health Organization (WHO, 1982 ) suggested use of loose -fitting, cotton, whole body dosimeters (WBD ) to overcome some of these limitations, but systematic studies of this alternative are lacking. Although for over 25 years the gauze patch technique has been favored by most investigators, limited efforts have been made to determine the relationship between dose predicted by the amount of chemical retained by the dosimeter (PDE ) and AD. WBD may be a suitable means to quantitatively collect chemicals such as pesticides and some of their degradation derivatives, and when combined with estimates of human percutaneous absorption, may be used to estimate AD. The California Department of Food and Agriculture ( CDFA ) recognized a need for exposure data for farm workers (Maddy et al., 1989 ) and has used WBD for agricultural field reentry studies. Studies conducted by the CDFA in indoor environments used a tight-fitting WBD as a surrogate for skin. Subjects performed a structured exercise program on a treated carpet surface. Transfer factors were estimated based on the total deposition on the surface and the amount of transferred residues measured on the WBD ( Ross et al., 1990 ) . Jazzercise 2 routines were intended to represent a person's day -long ( 16 h ) contact with pesticide -treated surfaces in a home in which a total discharge fogger had been used. Thus, the exposure period was reduced from 16 h of occasional contact in the home to two 20-min periods of continuous, intensive surface contact in an experimental setting that could be repeated under a variety of conditions. This probably represents extreme case indoor pesticide exposure (Krieger, in manuscript ) since whole body regions are in continuous contact with treated carpet at various times as persons move from position to position during the structured activity period. To the extent that normal exposure is determined by surface contact, the routines provide about the same dermal dose as the daily dose predicted from Hill et al. (1995 ) .
Chlorpyrifos (CP ), a well -studied organophosphate insecticide of moderate mammalian toxicity, was selected for this study, since its principal metabolite, 3,5,6 -trichloro -2 -pyridinol ( TCP ) , is stable, readily cleared in urine ( t 1 / 2 = 27 h ) after oral and dermal doses, and its general pharmacokinetics have been studied in humans ( Nolan et al., 1984 ) . Dermal absorption of 9.6% per 24 h is assigned based upon review of studies submitted by the registrant ( Nolan et al., 1984 ) , other human studies ( Feldman and Maibach, 1974 ) , and U.S. EPA guidelines ( Zendzian, 1989 ) . These factors and regulatory considerations, particularly the excessive dermal dose ( 400 to 4000 g/cm 2 ) relative to expected dermal loading (10 g/cm 2 ), are the basis of the 9.6% 24 -h dermal absorption estimate as summarized by Thongsinthusak ( 1991 ) .
This study evaluated and compared current methods of estimating absorbed dermal dosage ( AD ) by using four methods of measuring residue transfer of CP on the floor of a treated room: foil deposition, use of cotton cloth and CDFA roller, WBD cotton dosimetry and biomonitoring of structured activity of persons wearing a cotton WBD or a swimsuit.
Methods

Protocol
A protocol that described the work to be done and protected the rights of the volunteers was approved by the Human Subjects Review Committee, University of California, Riverside. Volunteers were recruited by word of mouth from the general university community and the local Jazzercize 2 group. The approved protocol including informed consent was reviewed with potential participants at an orientation meeting prior to the study. A briefing by a certified physician's assistant concerning barrier properties of the skin, skin disease exclusion criteria, and CP and cholinesterase inhibition was provided.
Test Article
Total release foggers (6 oz) containing CP (1.000% ), piperonyl butoxide (0.100% ), pyrethrins (0.050% ), Noctyl bicycloheptene dicarboximide ( 0.166% ) , and inert ingredients including petroleum distillates ( KRID 2 Kmart, Troy, MI ) were used. The fogger cans were weighed before and after use to verify that complete discharge of the contents. equal parts (A and B, C and D; Table 1 ). A fogger was discharged in the center of each part. After a 2 -h period without ventilation the rooms were opened and the room divider removed during 30 min (as per label directions ) of ventilation before the two 20-min exposure periods.
Venue
Measurement of Surface Deposition
During the pesticide application a set of three 30.5 cmÂ30.5 cm aluminum foil coupons were placed in each room (at 2, 4 and 6 ft from each fogger can ) to collect CP deposited on the floor. The foil coupons were subsequently extracted and analyzed. Recovery of CP spikes from the foils ranged from 96% to 102% (n =3).
Dislodgeable Residues: Cotton Sheet and CDFA Roller A short -handled modification of CDFA's roller was rolled 10 times, forward and back, over all -cotton sheets ( 1711 cm 2 ) placed about 2, 4, and 6 ft from the fogger (Ross et al., 1991 ) . Recovery of CP from the cotton sheets ranged from 89% to 102% (n =4).
Structured Activity with WBD
One of the important determinants of human exposure to dislodgeable pesticide residues is duration and intensity of contact with the treated surface. We previously established a structured human activity routine consisting of a 20-min, low -impact Jazzercise 2 routine (Ross et al., 1990 ) . The routine includes continuous, substantial body contact between the subject and treated carpet. Contact transfer of residue following two identical, structured routines resulted in urine clearance of TCP in amounts similar to those observed in humans after home fogging or area sprays ( Krieger, in manuscript ) .
Two exposure regimens were performed: one group of subjects wore WBD and a second group wore minimal coverage swimsuits. The WBDs were expected to normalize regional differences in surface contact and to increase the total sample area relative to widely used cotton patch dosimeters. Exposure estimates developed from such trials initially included the assumption that the dosimeter represented the skin and that the dose retained by the dosimeter was equivalent to dermal exposure (Ross et al., 1990 (Ross et al., , 1991 .
Structured Activity with Biomonitoring
Urine was collected from both groups of volunteers who performed the Jazzercise 2 routines. The CP equivalents recovered from these individuals was used to estimate the amount of CP that was absorbed and cleared as TCP in urine. CP equivalents cleared =TCP g/mlÂ24-h urine volumeÂformula weight CP /formula weight TCP. Thirteen persons wore WBD and 21 others wore swimsuits ( exposing at least 75% of the skin below the neck ).
Urine Collection
Four successive 24 -h urine specimens were provided by each subject performing the structured activity. Collection began 24 h before the CP exposure ( study day 0) and continued through the third day after exposure (study day 3 ). It is important to note that the half -life of CP in humans is estimated to be 27 h; thus,``complete'' clearance of a single dose would be expected to take about 8 days. About 60% of the AD would be cleared in 3 days. Moreover, although we are using the monitoring date to estimate AD, trace amounts of the CP entering the body during the exposure periods could come from inhalation of vapors and/or dust particles. Thus, the biomonitoring data represent total absorbed dose (TAD ) and not only dermal AD. Total urine volume was measured for each of the days and 20 ±30 ml portions of the daily samples were stored frozen before analysis.
Analysis
Each of the three parts of the WBD (union suit, socks, and gloves ) was extracted using ethyl acetate. Volume was reduced, if necessary, by heating at 458C in a fume hood. The extract was analyzed by gas ±liquid chromatography using a thermionic detector. Recoveries of CP from cotton socks ( 86% to 104%; n = 3) , gloves (92% to 90%; n=3) and union suits ( 92% to 97%; n= 3 ) using ethyl acetate was excellent. Acid hydrolysates of the collected urine were extracted with diethyl ether and derivatized with diazomethane. Samples were concentrated, dried with sodium sulfate, and cleaned up using a silica gel column. The product was eluted in hexane and analyzed by electron capture gas chromatography. Validation work showed a 95% recovery efficiency of TCP from urine. The limit of quantitation of TCP was 4 to 5 ppb.
Results
Surface Deposition
The foil dosimeters were in place during the discharge of the CP fogger and were measured at 2, 4, and 6 ft from the aerosol can ( Table 1 ) . It is clear that the discharge from the fogger was unevenly distributed on the carpet. The highest level measured in the four test sites was 9.5 g/cm 2 , and the lowest was 1.1 g/cm 2 . The average deposition of 3.6 2.8 g/cm 2 was used to calculate the default AD for a 70 -kg adult with a surface area of 19,000 cm 2 ( 3.6 2.8 g/ cm 2 Â19,000 cm 2 Â0.096/70 kg =94 73 g/ kg) . This calculation uses the default of 100% transfer of CP deposited on the carpet surface to skin and 9.6% dermal absorption (Thongsinthusak, 1991 ) .
Dislodgeable Residues: Cotton Sheet and CDFA Roller Dislodgeable CP recovered from a carpet in a treated room was also measured before and after the structured activity ( Table 1) . Given the uneven distribution of the fogger deposition, it is not surprising that there is substantial variability in surface CP levels.
In this case, PDE was calculated assuming that the levels recovered on the cotton sheet after rolling would be equal to the levels expected on the skin after human activity on treated carpet. PDE was 0.27 0.30 g/cm 2 . If 9.6% dermal absorption is assumed, the AD would be ( 0.27 0.30 g/ cm 2 Â0.096Â19,000 cm 2 /70 kg) or 78 g /kg.
Dislodgeable Residues: Pesticide Transferred to Cotton WBD During the 20 -min structured activity period, WBD and skin were assumed to retain the same amount of CP. The WBD accumulated an average 13.8 16.8 mg CP ( Table 2 ) . This represents a PDE of only 0.73 0.88 g/cm 2 or dosage of 197 240 g /kg ( based on a default body weight of 70 kg ). Adjusting the dosage for dermal absorption (9.6% ), the estimated AD would be 19 23 g/kg.
Dislodgeable Residues: Structured Activity Wearing WBD with Biomonitoring Pre -exposure 24 -h urine specimens contained from 4 to 22 g CP equivalents (Table 3 ) . A small, undetermined portion of this background level may have been absorbed as TCP rather than as CP. Air levels were not measured (Ross et al., 1990 ) , since their contribution to AD during the two 20 -min periods of structured activity would be negligible. No environmental sources of TCP have been identified by analysis of air or carpet samples ( Krieger, unpublished observations ). TCP clearance data are summarized in two forms in Tables 3 and 4 . Clearance estimates unadjusted and adjusted for mean prestudy CP clearance level was 15 g equivalents are listed. Urinary TCP for days 1, 2, and 3 was summed and adjusted for the prestudy background (about 85% would be cleared without further exposure during the study period ).
The mean exposure (adjusted for prestudy clearance ) of persons who wore WBDs was 35.8 38.3 g CP equivalents, and the AD resulting from contact with treated carpet during the exposure period was 0.51 0.55 g CP equivalents /kg ( Table 3 ). The estimated AD is 2.7% [ (0.51 g/kg) / (19 g/kgÂ100) ] of the dosage calculated when dosimeter levels are assumed to represent absorbed dose.
Dislodgeable Residues: Structured Activity Wearing Swimsuits with Biomonitoring Pre -exposure urine specimens ranged from 4 to 81 g CP equivalents (Table 4 ). The origin of the prestudy urinary TCP was not determined, except in the case of the highest value ( 81 g ), which was likely related to recent residential flea control. The prestudy adjusted (21 g) and unadjusted Excluded from analysis for this endpoint. d For n = 12, all others for n = 13. ns = no sample.
P days 1 ± 3 P days ab 1 ± 3 ( control ) sums of urinary TCP clearance for days 1, 2, and 3 are given in Table 4 . The resulting algorithm for calculation of daily CP clearance in 24 -h urine specimens was: (g TCP /ml daily urine ) (urine volume ) (1.0 /0.75 skin ) (FW CP /FW TCP ) /body weight.
As expected, the persons who wore swimsuits absorbed higher amounts of CP during the two 20-min exposure periods than those who wore WBDs. The mean absorbed dose was 176 177 g (n = 21) . The resulting AD was 2.5 2.5 g /kg. Adjusting AD for the 25% of skin covered by the swimsuit and assuming uniform dermal distribution of dose, the whole body estimate was increased to 3.3 3.3 g/ kg. An additional adjustment that could be rationalized to account for the recovery of CP equivalents in urine (70% of an oral dose ) was not applied because of the substantially higher dosages (about 400 and 4000 g/cm 2 ) and route of exposure ( oral ) used by Nolan et al. (1984 ) . If that adjustment was made and an additional modification was made for the fact that 60% of the absorbed dose would be recovered after 3 days in urine (clearance t 1 / 2 =27 h ), the final adjusted AD would be about 8 g CP equivalents /kg.
Discussion
Contact with pesticide -treated surfaces resulted in the transfer of an uncertain fraction of the residue to skin or clothing. The AD depends on the extent of contact transfer and dermal absorption of the pesticide. The AD provides the most precise estimate of exposure that can be practically obtained for humans and is important for risk assessment and sound risk management. Default exposure assessments that are based solely upon environmental levels of chemicals and experimental transport and fate measurements invariably predict excessive exposure and risk (Ross et al., 1992; Krieger, 1995 ) .
The possible contribution of continuing CP or TCP exposures to urine clearance contributes uncertainty to the estimate of absorbed dose. CP equivalent urine clearance values with and without adjustment for mean prestudy levels are presented in Tables 3 and 4 . There were no known additional CP exposures after the structured activity periods were ended so a daily correction was not made. Other direct sources of small amounts of TCP exposure include residues in diet, carpet residues at the study site, and surface residues in homes or other facilities where CP has been used.
In rooms treated with total release foggers and low pressure ( <40 psi ) area sprays, the surfaces of floors and furnishings represent the most significant sources of chemical exposures for adults and children. After sprays have dried and particles have settled, residual levels of semivolatile chemicals including pesticides in air and on unintentionally treated surfaces ( <100 ng/cm 2 ) probably contribute negligibly to AD due to their magnitude under usual conditions. The WBD offers a simple and straightforward means to assess contact transfer from treated surfaces.
Potential human exposure was estimated from different techniques used in this study (Table 5 ) . The results from the different techniques used to estimate PDE may vary by orders of magnitude. A simplistic approach using foil deposition data and defaults to estimate PDE greatly overestimates actual AD. The urinary pesticide equivalents recovered by biomonitoring represent a small proportion of the total chemical deposited on carpet, transferred by contact, absorbed through skin, and cleared from the body. Since the amounts of semivolatile chemicals transferred from treated materials are likely to be a small fraction of environmental residues, biomonitoring studies provide more appropriate measures of human exposures than can be obtained from chemical analysis of potential sources of exposure.
Cotton WBD worn by human volunteers transferred semivolatile chemicals from treated surfaces during structured, high contact activities. The dosimeters consisted of gloves, socks, and union suit that cover the upper and lower body. The neck and head are not included and do not contact treated surfaces during the activity period. Prescribed actions selected from low -impact Jazzercise 1 routines are easily performed by both untrained and physically fit persons. Surface contact is extensive, continuous and reproducible. The cotton WBD dosimeter is a means to measure the contact transfer from surfaces and furnishings in homes or other indoor facilities.
Other environmental sampling strategies to estimate human exposure potential are more difficult to relate to AD than the procedures used in this work (Table 5 ) . Analysis of media including foil, paper, or cotton gauze (Ross et al., 1990 ) , deposition coupons, dry or wet surface wipes ( Camann et al., 1996 ) , dragged (Vaccaro et al., 1991) or rolled ( Ross et al., 1990 ) cotton cloth, or polyurethane foam (U.S. EPA, 1994 ) leaves no doubt about the occurrence and persistence of chemical residues in treated indoor environments. Numerous default assumptions concerning chemical persistence on the source, contact transfer and the distribution of dose on humans, clothing penetration, and day-to -day activity are required to transform those data to reliable estimates of AD for exposure and risk assessment. Measurements of chemicals retained by cotton dosimeters worn by humans can be more simply related to absorbed dose.
The cotton WBD cannot be regarded as skin because more chemical residue is retained by the dosimeter than is transferred to skin. About 40% of the dose transferred to WBDs was adsorbed by cotton cloth dosimeters from treated carpet using the CDFA roller. Both types of dosimeters removed substantially more CP than was transferred and absorbed by human skin. The measured dermal exposure based upon AD was 2.5 mg equivalents adjusted to 3.3 mg CP equivalents if corrected for exposed skin area ( 75% ) . Alternatively, if the dosimeter is considered as a layer of clothing, which permits 10% penetration (Thongsinthusak et al., 1993; Krieger, 1995 ) of the 13.8 mg PDE (Table 2) , the estimated AD would be 1.9 mg CP equivalents /kg. The importance of a WBD penetration factor is also demonstrated by the 2.7% dosimeter penetration measured by considering dermal exposure ( 35.8Â100/9.6 = 0.5 mg ) and the magnitude of the dose retained by the WBD (13.8 mg ) . Although assumptions will differ in studies of other semivolatile chemicals, clothing penetration and dermal absorption should not be ignored in human studies to estimate absorbed dose.
Contact transfer of surface residues is quite reproducible during the high -contact Jazzercize 2 activity period. Total body dosage measured using dosimeters in this study for two 20 -min exposures ( 13.8 16.8 mg ) was similar to that observed in the study reported by Ross et al. ( 1990 ) ( 7.2 3.8 mg ) during a single, identical 20 -min exercise study. The studies, which were done several years apart in different locations with totally different subjects, produced very similar results. Further, the distribution of PDE on hands, feet, and upper /lower body between the two studies was within a few percent for each body region.
The validity of any model that estimates exposure should be tested by comparing estimates from the model against exposure measured under actual use conditions. The 34 participants in this study had mean urinary concentrations of 14 g TCP /l urine (14 ppb ), similar to the 4.5 ppb reported by Hill et al. (1995 ) for 1000 adults nationwide. Twentyfour hours following Jazzercise 2 , eight of 21 participants in swimsuits exceeded the 100th percentile from the Hill et al. (1995) study. On the day following exposure, 11 of 21 exceeded the 100th percentile, dropping back to 8 of 21 on the third day following exposure. This pattern of maximum excretion at 24 ± 48 h following exposure was also observed with human volunteers in the dermal pharmacokinetic study conducted by Nolan et al. ( 1984 ) . None of the individuals that wore WBD during exposure exceeded the Hill et al. ( 1995 ) 100th percentile on any day of the study. Clearly, if exposure of the magnitude experienced by the people in swimsuits were common, the national survey would have identified them. This suggests that the Jazzercise 2 routine results are upper-bound exposure estimates since this one source (dermal ) produced more exposure in over half the participants in swimsuits than was observed from all sources of exposure in a national survey. Since the estimates of exposure from the WBD are even higher ( by more than sixfold ), this dosimetry produces extremely conservative estimates of dermal exposure relative to that of the general population. Vaccaro et al. (1991 ) described a 4 -h study of volunteers performing structured but not easily reproduced`c hildren's activities'' on a carpet that was broadcast treated with CP at four times the application rate of the current study. During the study male adults crawled, played with blocks, walked and laid on their stomachs while wearing only minimal clothing, e.g., a swimsuit. Mean total absorbed dosage for Vaccaro's six subjects was 12.4 g /kg for 4 h of exposure compared to the 3.3 g/ kg for two 20 -min periods of exposure for the swimsuit clad participants in this study. The methods and techniques differ between these two studies, but each likely represents high -end exposure potential for this type of indoor pesticide use. Thus, AD from structured, highcontact exercises was within about fourfold ( 0.08 g/kg min of contact vs. 0.05 g /kg min ) of the AD from 4 h of``children's'' activity. Also, hand washes of Vaccaro's volunteers yielded 474 g CP compared to 1612 g CP measured in gloves of the WBD subjects.
This work has been useful to identify means to reduce both sample size and source strength variability. The total release foggers are convenient but do not deliver a continuous, uniform spray deposit (Table 1) . We have conducted later work at similar chemical deposition levels using a small, fixed -boom sprayer that delivered a more uniform application pattern on both carpet and turf (Krieger and Bernard, unpublished ) . Additionally, we expect that variability can also be reduced by providing volunteers a standard garment (``swimsuit'' ) to standardize skin exposure. As a result of these changes, similar exposure studies can probably be conducted with less variability and fewer persons than participated in this work.
In these studies with WBD a remarkably close has been obtained between absorbed dose calculated from the amount of CP penetrating the cotton dosimeters and being absorbed and the amount being absorbed following direct skin contact with treated carpet. WBD is a means to evaluate the significance of contact transfer and absorption under conditions that might otherwise be difficult to experimentally simulate. Research with incompletely characterized products or exposure media, model chemicals to simulate important activities or behaviors, or exposures of special populations of regulatory concern may benefit from additional efforts to validate this means of measuring dermal absorption potential.
